We are developing monolithic arrays of corrugated feed horns fabricated in silicon for dual-polarization single-mode operation at 90, 145 and 220 GHz. The arrays consist of hundreds of platelet feed horns assembled from gold-coated stacks of micromachined silicon wafers. As a first step, Au-coated Si waveguides with a circular, corrugated cross section were fabricated; their attenuation was measured to be less than 0.15 dB/cm from 80 to 110 GHz at room temperature. To ease the manufacture of horn arrays, electrolytic deposition of Au on degenerate Si without a metal seed layer was demonstrated. An apparatus for measuring the radiation pattern, optical efficiency, and spectral band-pass of prototype horns is described. Feed horn arrays made of silicon may find use in measurements of the polarization anisotropy of the cosmic microwave background radiation.
Imaging detectors at millimeter wavelengths can now be built with hundreds of pixels. [1] However, parallel gains in free-space coupling optics have lagged.
At NIST we are pursuing monolithic arrays of corrugated platelet feed horns made with Si. Each layer in the stack is a Si wafer with photolithographically defined apertures. Once assembled and coated with Au, these horn arrays are expected to feature the same low loss, wide bandwidth, minimal side lobes and low crosscorrelation as electroformed horns. [2, 3] Moreover, relative to metal corrugated arrays [4] , Si horn arrays are expected to have the following benefits: (a) a thermal expansion matched to Si detectors, (b) lower thermal mass, and (c) a straightforward development to arrays of thousands of horns. The formermost of these considerations means that detector-horn alignment at room temperature should be maintained at low temperature (Table I) . Silicon is also convenient due to the availability of high resolution wafer-scale Si etch tools.
To demonstrate the feasibility of this approach we fabricated W-band (WR10) waveguides out of Si and measured their transmission characteristics from 80 to 110 GHz. The Si platelets were machined in 75 mm diameter Si wafers by use of photolithography and deep reactive ion etching (DRIE). In 250 µm thick Si, for example, features can be reproduced with ∼ 5 µm lateral resolution through the full wafer bulk (∼ 50 : 1 aspect ratio). Sidewall roughness for etched apertures is less than 1 µm. [5] Tools for applying this process to wafers 150 mm in diameter are currently being installed at NIST.
With the aim of easing the eventual manufacture of horn arrays, we demonstrated electrolytic deposition of Au films directly on degenerate Si. Tests of film adhesion and waveguide performance are reported.
An apparatus was constructed to measure the far-field radiation pattern and cross polarization of feed horns by use of a vector network analyzer. * Electronic address: britton@nist.gov 
I. CIRCULAR WAVEGUIDES
A pair of waveguides with circular cross section were assembled from platelets 380 µm thick. The waveguide apertures were sized to be single mode from 80 to 110 GHz. One waveguide was smooth-walled (2.21 mm diameter; 4.0 mm length) and one was corrugated (2.1/5.55 mm diameter, alternating every 380 µm; 11.5 mm length). The corrugation depth was one halfwave deep. A metal seed layer (Ti:Au 100 nm:500 nm) was deposited on platelets mounted on an orbital platform canted at 45
• . Platelets were stacked on alignment pins and adhered with two-part epoxy applied to their edges. Platelet alignment accuracy was ±10 µm. Subsequent electrolytic plating of the assembled stack increased the Au thickness to 3 − 5 µm on flat surfaces Table I : Comparison of materials for horn arrays. Where, cp is specific heat and α is coefficient of thermal expansion. [6] (less in the corrugations). Figure shows a photograph of one waveguide structure.
Waveguide loss was measured by use of a vector network analyzer (VNA). A short followed the device under test so that a S11 reflection measurement gave twice the single-pass loss. We observed less than 0.15 dB/cm loss in both the corrugated and not corrugated waveguides (Fig. 2) . We also measured the transmission (S12) for the waveguides and observed attenuation consistent with the S11 measurements.
It is instructive to compare the loss in our circular corrugated waveguides with the expected loss α for the fundamental (TE 10 ) mode of a hollow rectangular waveguide due to finite wall conductivity. An expression for α is
where λ 0 = c/f is the free-space wavelength, c is the speed of light, f is the frequency, λ g = λ 0 / 1 − (λ 0 /λ c ) 2 is the guided wavelength, λ c = 2 a is the waveguide cutoff wavelength, η = µ 0 / 0 is the intrinsic impedance of the material filling the waveguide, σ is the conductivity, and a and b are the width and height of the waveguide cross section. [7] For f = 100 GHz, σ Au = 2.05 × 10 −8 Ω · m (at 273 K), a W R10 = 2.54 mm and b W R10 = 1.27 mm, λ 0 = 3 mm, λ g = 3.7 mm, λ c = 5.1 mm (f c = 59 GHz), η = 377 Ω and α = 0.027 dB/cm. Note that the surface resistance of Au drops by over a factor of 10 from room temperature to 10 K. [8] The excess conduction loss we observe may be caused by metal surface roughness and scattering into non-propagating modes. [9] In our guides the latter is expected to dominate and therefore we do not expect a large reduction in loss if the waveguides were tested at 10 K.
To test whether the waveguide attenuation plotted in Fig. 2 was limited by plating thickness, an additional layer of Cu 3 to 5 µm thick followed by Au 1 to 2 µm thick was deposited (as measured on flat, superficial surfaces; e.g., location B in Fig. 3 ). Following this treatment there was no change in attenuation. This is to be expected because the skin depth of bulk Au at 100 GHz and 273 K(78 K) is 90 nm (43 nm). [6, 10] Figure 2: Attenuation for waveguides with circular cross section as determined by S11 measurements on a VNA. The baseline (0 dB) was established by measuring S11 without a test waveguide installed. The vertical axis scaling relies on a calibration performed by the VNA manufacturer in 2008. The theory curve shows attenuation at room temperature due to finite conductivity of the waveguide walls assuming the bulk resistivity of Au (σAu = 20.5 × 10 −9 Ω · m; see Eq. 1).
II. ELECTROLYTIC PLATING OF DEGENER-ATE SI
Low transmission losses in our Si waveguides were obtained by electroplating with Au, a chemistry that requires that the target surface be initially conducting. In the devices described in the previous section, we achieved this by e-beam evaporation of a Ti:Au (100 nm:500 nm) seed layer prior to electroplating. This step could be eliminated by use of degenerate Si as a substrate material. Degenerate Si with a bulk resistivity of less than 50 × 10 −6 Ω · m is available commercially. For such a wafer with a substrate thickness of 100 µm, the sheet resistance is 100 × 10 −3 Ω/ , equivalent to a 200 nm Au seed layer. [6] On test chips made of Si we successfully demonstrated Au deposition based on a recipe by Llona, et al. [11] The electrolytic deposition rate depends on geometry via the local electric field and degree of depletion of the plating solution. Corrugated waveguides have recesses that might plate more slowly than exposed surfaces. To test this we microfabricated, then electroplated, Si test structures (Fig. 3) with linear trenches whose aspect ratios (depth/width) varied from 0.44 to 8.75. After snapping a sample wafer perpendicular to a row of such trenches, the deposition thickness was measured from SEM micrographs near the bottom of the trenches. Over this range of aspect ratios, the plating rate diminished from 1/2 to 1/5 (C to D in Fig. 3 ) of the rate at the top surface (B in Fig. 3) .
The adhesion of Au electrolytically deposited on degenerate Si was investigated. Three tests were conducted: 
III. HORN TESTING APPARATUS
Desired characteristics of feed horns include low losses, wide bandwidth, minimal side lobes and low cross correlation of orthogonal polarizations. We built an apparatus to measure these parameters for horns we fabricated (Fig. 5) . It consists of two horns: a fixed transmitter (Tx) and a receiver (Rx) that pivots about the transmitter's phase center. The Rx horn is a commercially manufactured corrugated metal horn for G-band (WR5). According to simulation, its cross polarization is less than 30 dB and side lobe amplitude is less than 25 dB at 150, 180 and 220 GHz. A vector network analyzer is used to measure S12 (amplitude and phase) as a function of angle (φ) and frequency. We use a 0
• or 90 • twist preceding the Tx horn to measure H-plane and E-plane mode patterns. Cross polarization measurements use 45
• twists before the Tx horn and after the Rx horn. To confirm proper operation of the system we use a pair of identical metal horns. Return loss (insertion loss) will be measured with the horn face pressed against a microwave absorber (metal plate). This apparatus is assembled and testing is underway.
IV. CONCLUSION
In this proceeding we reported on progress toward fabrication of corrugated millimeter-wave feed horn arrays made of Si and a testing facility for evaluating the per-formance of millimeter-wave horns. Next steps include testing a 145 GHz Si feed horn (already designed and fabricated, Fig. 6 ) and demonstrating plating of a horn fabricated from degenerate Si. In 2009 we plan to build a prototype 75 mm diameter feed horn array, and in 2010 we plan to build a 150 mm diameter feed horn array with 640 channels (50 to 100 corrugations). Matching detectors and refractive optics will permit characterization of the imaging characteristics of these horn arrays.
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